ABSTRACT Wind power delivery systems with series capacitive compensation installations suffer from the risk of sub-synchronous oscillation (SSO). However, uncertainties of wind farms, which have a non-negligible impact on SSO modes, may reduce the robustness of the sub-synchronous damping controller (SSDC). To solve this problem, we propose a robust design method for the SSDC based on the practical small-signal stability region (PSSSR). First, the PSSSR, with a boundary consisting of critical damping instead of Hopf bifurcations, is defined to ensure that every operating point in the stability region meets the damping requirements of power system operators. The impact of multiple uncertainties on SSO is studied, and the results show that the rotor speed and active and reactive power output of the doubly fed induction generator (DFIG) have a strong impact on the SSO. Furthermore, to improve the performance and robustness of the SSDC, an optimization model is constructed by assigning a maximum-security operation margin to the DFIG considering multiple uncertainties based on the PSSSR. Based on this model, a genetic algorithm is applied to obtain the optimal SSDC parameters. Finally, case studies verify that the designed SSDC exhibits high robustness under a wide range of operating conditions. INDEX TERMS Doubly fed induction generator (DFIG), sub-synchronous oscillation (SSO), damping controller design, practical small-signal stability region.
I. INTRODUCTION
As an economical and environmentally friendly method of electricity production, wind power generation has experienced rapid growth worldwide [1] . Fixed series compensation (FSC) devices are used to enhance the transfer capability and transient stability of wind power systems as an economical solution to transmit large amounts of energy from remote wind farms to load centers [2] . Nevertheless, a factor hindering the extensive use of series capacitive compensation is the potential risk of sub-synchronous oscillation (SSO). SSO events have been reported since 2009 in seriescompensated doubly fed induction generator (DFIG)-based wind farms in southern Texas [3] - [6] , southwestern Minnesota [7] , [8] , and northern China (Hebei Province) [9] .
Considering the economic and efficient aspects, the technique of supplementary damping control has been widely studied in SSO suppression. The potential for subsynchronous resonance (SSR) mitigation using DFIG converters was investigated in [10] - [13] ; the results showed that the optimum input control signal and optimum point in the rotor-side converter (RSC) and the grid-side converter (GSC) controllers enable a simple proportional subsynchronous damping controller (SSDC) to stabilize the SSR mode without destabilizing or decreasing the stability of other system modes. However, only the fixed DFIG operating conditions were considered for SSR damping control, which can lead to a lack of damping when operating conditions change. In [14] , a novel control strategy with two degrees of freedom (2DOF) was proposed to alleviate SSR. This 2DOF control strategy was designed under poorly damped conditions, such as low wind speeds and high series compensation levels. At high wind speeds, the 2DOF control strategy requires the integration of a damping controller to damp system oscillations. Two approaches that add a supplementary damping control signal to GSC and RSC were compared in [15] . The results show that relative to GSC damping control, RSC damping control exhibits higher damping performance, lower actuator control efforts and better robustness against changes to the operating conditions. Ref [16] introduced a supplementary damping control strategy so that DFIG-based wind farms could mitigate SSR oscillations in nearby turbine generators. The parameters of the auxiliary damping controller have been optimized to achieve optimum damping over the entire sub-synchronous frequency band by considering only fixed wind speed.
Thus, one or more of the following disadvantages have existed in previous SSDC research [10] - [16] : (1) only one or several wind speed conditions have been considered in previous studies. However, the response of the controller has not been tested under operating conditions other than those used to optimize the parameters. ( 2) The impact of active and reactive power regulation of a DFIG on SSO are not taken into account during the design procedure, but the active and reactive power output of the DFIG may change when wind farms participate in the frequency and voltage regulation of power systems [20] - [23] , resulting in a non-negligible impact on SSO modes. (3) By considering only SSR modes in the SSDC design procedure, other system modes (e.g., the lowfrequency oscillation mode) might become unstable with the designed SSDC.
Relative to the ''point'' methodology mentioned above, ''regional'' methodologies can provide adequate security for information and evaluate the small-signal stability of power systems comprehensively under various operating conditions [24] . However, the operating points of low damping ratios and small oscillation attenuation coefficients in small-signal stability region (SSSR) should be avoided in practical operation even though these points are theoretically stable [25] . Therefore, SSSR are unsuitable for designing SSDCs. Thus, we define here the concept of a practical small-signal stability region (PSSSR), with critical damping-based boundaries. Furthermore, an optimal SSDC design method, which aims to ensure the maximum operation range of a DFIG considering multiple uncertainties based on the PSSSR, is proposed and verified.
This study makes the following contributions: (1) the concept of the PSSSR is proposed to ensure that every operating point in the stability region meets the damping requirement of power system operators; (2) not only the sub-synchronous mode but also the low frequency oscillation mode are considered in the design procedure of SSDC; (3) the impact of multiple uncertainties, including the rotor speed and the active/reactive power regulation of the DFIG is studied; (4) an optimal SSDC design method based on the PSSSR is proposed to improve the robustness of an SSDC by taking multiple uncertainties into account.
The paper is organized as follows. In Section II, the concept of the PSSSR is defined, and the mathematical expression of its boundary is deduced. In Section III, the impact of multiple uncertainties on the SSO is studied. An optimal SSDC design method based on the PSSSR is proposed in Section IV. The superiority of the proposed design method is demonstrated by comparing this method to existing design methods in Section V. Finally, a brief conclusion is presented in Section VI.
II. PSSSR CONCEPT
The linearized system model at the equilibrium point is expressed as the differential-algebraic equations (DAEs) [24] , [25] 
where x is the state variable vector, y is the algebraic variable vector, and µ is the parameter variable vector. The equilibrium point of the target system can be represented as
If D(µ) is non-singular, (1) can be further simplified by eliminating the algebraic variables y, resulting in
where J(µ) is the state matrix.
To ensure that the system operates stably, the real parts of the eigenvalues of J(µ) should be negative. When µ changes, if a real-valued eigenvalue passes through the imaginary axis from the origin, then the system has a saddle-node bifurcation (SNB). If a pair of complex conjugate eigenvalues passes through the imaginary axis, then the system has a Hopf bifurcation (HB), which is related to the system oscillatory instability including the SSO. If the algebraic Jacobian matrix D(µ) is irreversible, then the system has a singularity-induced bifurcation (SIB). Suppose that the system eigenvalue vectors gained from J(µ) is λ = {λ 1 , λ 2 , . . . , λ i , . . . λ n }. Then, the SSSR of the power system can be defined by SSSR = {µ|Re(λ i ) < 0, and D(µ) is reversible} (5) Traditional SSSR is well suited for evaluating whether the system is unstable. However, operating points with low damping ratios and small oscillation attenuation coefficients, although theoretically stable, should be avoided in real operations [25] . Therefore, the application of traditional SSSR for SSDC design is confined. For these reasons, the concept of the PSSSR, with a boundary consisting of critical damping instead of an HB, is defined to ensure that every operating point in the stability region meets the damping requirement of oscillation modes.
The PSSSR is defined as a set of system operating conditions that meet the following requirements:
1) The damping ratio of the low frequency oscillation mode ξ < ζ cri , where ζ cri is a positive real number.
2) The real part of SSO mode α < σ cri , where σ cri is a negative real number.
The frequency of the SSO mode is relatively high, making it difficult to reach a certain damping ratio level. Consequently, the attenuation coefficient is more suitable to validate the stability of the SSO mode.
The real and imaginary parts of the eigenvalue are denoted by Re(λ i ) and Im(λ i ), respectively. Define γ i as
where ζ cri and σ cri represent the critical damping ratio and the critical attenuation coefficient, respectively, both of which are positive real numbers. The PSSSR can be defined by
In (7), γ max = max(γ i ) < 0 ensures that the damping ratio of the LFO mode is larger than the critical damping ratio ζ cri . The real part of the SSO mode is smaller than the critical attenuation coefficient σ cri , and an SNB will not occur simultaneously. Moreover, D(µ), which is reversible, ensures that an SIB will not occur.
Thus, the PSSSR boundary is
The eigenvalue and corresponding right eigenvector of J(µ) can be expressed by λ and u x , respectively. The following relationship is established:
This equation can be converted into the following equation related to the real and imaginary parts of the system eigenvalues (λ = α + jβ). Thus,
By defining u x = u xR + ju xI , (11) can be characterized by
Thus, the complex form of (11) can be expressed as
We normalize the feature vectors using the following equation: u T x u x = 1. Accordingly, (13) is established.
When the eigenvalue of the LFO mode crosses the PSSSR boundary, the damping ratio satisfies the following equation:
By combining (2), (12), (13) and (14), a series of simultaneous equations is established. The PSSSR boundary for the LFO mode can be obtained by solving these equations.
There are (3n + 3) independent equations in (15) , and the unknown variables are (x, u xR , u xI , µ, α, β). The number of elements in µ is determined by the dimension of the parameter space. If the vector dimension of µ is 1, then there are (3n + 3) unknown variables in (15) , which can be solved directly. The solution manifold of (15) in the parameter space determines the PSSSR boundary related to the LFO mode.
When the sub-synchronous eigenvalue crosses the PSSSR boundary, α satisfies the following equation:
By combing (2), (12), (13) and (16), a series of simultaneous equations is established. The boundary of PSSSR for SSO modes can be obtained by solving these equations.
There are (3n + 2) independent equations in (17) , and the unknown variables are (x,u xR , u xI , µ, β). The number of elements in µ is determined by the dimension of the parameter space. If the vector dimension of µ is 1, then there are (3n+2) unknown variables in (17) , which can be solved directly. The solution manifold of (17) in the parameter space determines the PSSSR boundary related to the SSO mode.
III. TARGET SYSTEM MODEL AND THE ANALYSIS OF KEY UNCERTAIN FACTORS A. TARGET SYSTEM
The target system for the case study is a DFIG-based wind farm system located in North China, which has undergone multiple SSO events. In this system, a 150 MW DFIG-based wind farm is connected to the network via a 0.69/35 kV transformer T1, 35/220 kV transformer T2 and 220/500 kV transformer T3 and supplies power to the infinite bus via a parallel 500 kV transmission line [9] . The 150 MW wind farm is an aggregated model of 100 wind turbine units as shown in Fig. 1 . Each unit has a power rating of 1.5 MW. In fact, a 1.5 MW wind turbine is scaled up to represent a 100 MW wind farm; the validity of this scaling is supported by the results of several studies [26] , [27] . The 220 kV radial grid is represented by an equivalent line inductance R L1 and resistance X L1 . For the 500 kV series-compensated grid, R L2 and X L2 represent the resistance and inductance of the equivalent transmission line, respectively. The compensation level is 8% and X C represents the fixed series capacitor. Moreover, specific parameters of the target system can be found in [9] .
B. ANALYSIS OF KEY UNCERTAIN FACTORS IN WIND FARMS
There are several uncertainties in the operation of the target system as follows: (1) Variation in the wind speed. When the DFIG is operated at the maximum power point tracking (MPPT) mode, the rotor speed ω r and the active power output P output vary with the wind speed. When the DFIG is operated via a fixed power output, the rotor speed is affected by the wind speed; (2) Regulation of the active power. Wind curtailment occurs in high-wind generation during low-load conditions. Excess generation cannot be exported to other balancing areas due to the transmission constraints. Thus, the active power output of DFIG P output must be regulated based on a guarantee of power balance; (3) Regulation of the reactive power. The reactive power output of DFIG Q output must be regulated when providing reactive support for power systems under certain conditions. Thus, ω r , P output and Q output may change under different operating conditions of the target system.
In this section, the impact of these three key parameter variables on the SSO is studied using eigenvalue analysis. The target system is initially operated under the condition that ω r = 1.03 pu, P output = 0.483 pu, and Q output = 0 pu.
The impact of ω r on the real part of the SSO mode σ can be found in Fig. 2 when ω r changes in the range of [0.7, 1.2] pu under MPPT mode. σ changes from positive to negative with increasing ω r , implying that ω r has a strong effect on the SSO. This phenomenon can be explained by the induction generator effect (IGE) [9] , [28] . The equivalent resistance of a rotor at a sub-synchronous frequency f er can be expressed as R eq = R r /S ssr , where R r represents the rotor resistance and S ssr represents the slip at f er . S ssr is expressed as S ssr = (f er −f r )/f er , where f r represents the frequency corresponding to ω r . Thus, R eq varies with ω r , implying that ω r has an impact on the SSO damping. Fig. 3 shows the influence of P output on σ when the P e term changes within the range of [0.01, 0.48] pu with fixed ω r and Q output . The real part of the SSO mode varies with varying P output , indicating that the impact of P output cannot be ignored.
Finally, the impact of Q output on SSO is shown in Fig. 4 when Q output varies from −0.2 to 0.2 pu with fixed ω r and P output . The SSO mode changes from stable to unstable with increasing Q output , which indicates that Q output has a significant impact on SSO damping.
To summarize, the results of the eigenvalue analysis show that the factors ω r , P output and Q output have a substantial impact on the stability of the power system. Therefore, we consider the influence of these uncertain factors on the SSO in the SSDC design process to ensure the effectiveness and robustness of the SSDC.
IV. PARAMETER DESIGN OF THE SSDC BASED ON THE PSSSR A. THE 3-DIMENSIONAL OPERATING REGION OF THE DFIG
The relationship among the rotor speed ω r , active power output of the DFIG P output and wind speed of a 1.5 MW VOLUME 6, 2018 FIGURE 5. The relationship among ω r , P output and wind speed. wind turbine is shown in Fig. 5 . This plot, referred to as the characteristic curve of the operation, was created by a major DFIG manufacturer in China. The range of P output and ω r at the appropriate operating points is demarcated by the region ABCD in Fig. 5 . Fig. 6 also shows the typical DFIG reactive power capability characteristics [23] . The reactive power limits are determined by P output because of the ±0.95 power factor regulation set forth by the FERC order 661-A. For a given active power output, the reactive power output can be set to the desired level (within the capability limits). Therefore, the range of Q output is shown by EFG in Fig. 6 , where ω r = 1.2 pu.
Considering the above restrictions, the 3-dimensional operating region consisting of ω r , P output and Q output is obtained as shown in Fig. 7 .
B. STRUCTURE OF THE SSDC FOR DFIG
In practical power systems, conventional control structures based on lead-lag compensators can provide simplicity and robustness. The modification of DFIG control algorithm by including an SSDC (i.e., updating the control software) is a cost-effective solution that can be implemented relatively quickly and does not require the installation of expensive equipment, such as FACTS or bypass filters [29] . In addition, SSDCs acting on a rotor voltage can obtain favorable damping performance for SSO modes. Therefore, SSDCs based on lead-lag compensators are studied here. The detailed block diagram of an SSDC is shown in Fig. 8 . The rotor speed deviation of ω r of the DFIG is selected as the input signal of the SSDC. The input signal ω r passes through a band-pass filter tuned to a specific mode, an amplifier K s , and two lead-lag blocks ((1 + T i1 s)/(1 + T i2 s)) 2 in sequence successively, where K s is the amplification factor of the amplifier, T i1 and T i2 are the time constants of the i-th lead-lag block, and s is the Laplace operator. The output signal of SSDC is applied for modulating the rotor voltage in the active power control loop of the RSC. To obtain the SSO mode signal, a 2nd-order band-pass filter is used in this study. The transfer function of the signal can be expressed as
where G 0 = 1.0 is the gain, ω 0 is the center frequency, ξ = 0.1 is the damping coefficient.
Two lead-lag blocks are typically required to shift the sub-synchronous eigenvalue toward the left half-plane, within 180 degrees, to increase the damping ratio [29] . The structure of an SSDC can be described as a 4th-order state space model due to the two lead-lag blocks and a 2nd-order band-pass filter in the SSDC.
C. PARAMETER OPTIMIZATION OF THE SSDC BASED ON THE PSSSR
Every operating point in the PSSSR meets the damping requirement of power system operators in practical operation. Therefore, the maximum of the PSSSR can be set to the objective of the SSDC parameter optimization. Sincethe process has a high computational cost, particularly if a 3-dimensional PSSSR is obtaine, the objective is set to be the maximum sum of the ranges of three single-dimensional PSSSR corresponding to ω r , P output and Q output . he detailed steps for obtaining the length of a single-dimensional PSSSR are as follows:
1) An initial operating point is selected bysetting ω r = ω rs , P output = P s and Q output = Q s .
2) When ω r = ω rs and Q output = Q s , the boundary of the single-dimensional PSSS composed of P output can be calculated. Thus, the range of the single-dimensional PSSSR related to the active power output of the DFIG can be expressed as [P min , P max ], where P max and P min are the upper and lower limits of the range of P output , respectively. Similarly, single-dimensional PSSSRs related to the DFIG reactive power output and rotor speedcan be obtained, and the range of the reactive power output and rotor speed are denoted by [Q min , Q max ] and [ω min , ω max ], respectively.
Therefore, the objective function and its associated constraints can be expressed by the following optimization formulation:
subject to
The initial operating condition is ω r = 0.7 pu, P output = 0.3 pu and Q output = 0 pu.
A relatively conservative critical damping ratio ζ cri = 0.03 and a critical attenuation coefficient σ cri = −0.3(1/s) are selected as the PSSSR boundary. The SSDC parameter vector to be optimized is expressed by
Genetic algorithms are used to solve both constrained and unconstrained optimization problems based on natural selection processes that mimic biological evolution. Such algorithms can be applied to solve problems that are not well suited for standard optimization algorithms, including problems in which the objective function is discontinuous, nondifferentiable, stochastic, or highly nonlinear. In this study, a genetic algorithm is used to optimize the SSDC parameters. The population size used by the genetic algorithm is 50, the maximum number of generations used is 100, and the genetic algorithm toolbox in MATLAB is used. Fig. 9 shows the convergent characteristics of the genetic algorithm. Convergence is obtained by the 15th generation, and the corresponding best fitness is −1.65. The final values of the optimized SSDC parameters are listed in Table 1 .
D. VERIFICATION OF RESULTS
After adding the optimized SSDC to the RSC control loop of the DFIG, the bottom surface of the 3-dimensional PSSSR is shown in Fig. 10 . When ω r varies within the range of [0.7, 1.2] pu, the 3-dimensional PSSSR is above this bottom surface. The obtained PSSSR is slightly larger than the operating region in Fig. 7 , which means that the optimized SSDC can mitigate SSR effectively and is robust to uncertainties and changes in the operating region.
V. COMPARISON WITH AN EXISTING OPTIMIZATION METHOD
To further verify the advantages of the proposed optimization method of SSDC, based on PSSSR, we compare our proposed method to an existing optimization method [16] . The objective function of this existing method is expressed as follows:
where real(λ ij ) represents the real part of the j-th subsynchronous eigenvalue under the i-th operating condition, n is the sum of operating conditions considered in the design procedure, and m is the sum of SSO modes. In the optimization process, a penalty function is used to ensure that λ ij provides sufficient damping for SSO suppression when minimizing the sum of real(λ ij ):
If real(λ i ) > −0.03, J = J + 5000 (23) VOLUME 6, 2018 FIGURE 11. Best fitness and mean fitness vs iteration times. Due to the impact of wind speed variation on SSO stability, three wind speeds (7, 9, and 11 m/s) were taken into consideration in (22) . The genetic algorithm is adopted to optimize the objective function. The specific parameters of genetic algorithm are the same as in Section IV.
The best fitness and mean fitness during iteration are shown in Fig. 11 .
The curve in Fig. 11 shows that convergence is obtained in the 14th generation. The corresponding best fitness is 4999.63, indicating that the constraint in (23) is violated and punished by the penalty terms. That is, the SSDC optimized by this method cannot provide sufficient damping for all of the selected operating conditions. The final optimized parameter values of the SSDC are shown in Table 2 .
The robustness of the SSDC was tested against a variety of operating conditions. The real parts of the SSO mode corresponding to a variety of wind speeds with different Q output are shown in Table 3 . It can be seen that this SSDC cannot provide sufficient damping under low wind speeds.
Time-domain simulations are used to compare the performance and robustness of two SSDCs designed using the existing method [16] and the proposed method. The series capacitors are bypassed initially and then placed into operation at 10 s to trigger the SSO when Q output = −0.1 pu. The simulation results based on the existing method with three wind speeds of 7 m/s, 8 m/s and 9 m/s are shown in Fig. 12 (a1) , (b1) and (c1), respectively, while the corresponding results based on the proposed method are shown in Fig. 12 (a2) , (b2), and (c2). The SSDC designed using the multi-point method does not provide favorable adaptability under low wind speeds. Through implementation of the SSDC designed using the proposed method; however, Comparison of the dynamic response of the system P output at various wind speeds and with various SSDCs: 1) an SSDC designed by an existing method; 2) an SSDC designed using the method proposed here.
SSO is quickly damped for all of the tested operating conditions. The performance of the proposed design method is superior to that of the existing design method.
VI. CONCLUSIONS
The uncertainties of wind farms, which have a non-negligible impact on SSO, may reduce the robustness of SSDC. To solve this problem, we propose an optimal PSSSR-based SSDC design method that considers these uncertain parameters. The main contributions of our work are as follows.
1) The concept of PSSSR is proposed, which ensures that every operating point in the stability region meets the damping requirements of power system operators.
2) The rotor speed, active power and reactive power output of the DFIG are selected as the key uncertain parameters in the DFIG operating region due to their great impact on SSO.
3) An optimal SSDC design method based on PSSSR, which aims to ensure the maximum operation range of the DFIG, is proposed and realized using a genetic algorithm.
4) A detailed analysis is performed using eigenvalues and nonlinear time-domain simulations to evaluate the performance and robustness of the SSDC designed using the proposed method. The results show that this SSDC presents better damping performance and better robustness against changes under the operating conditions than the SSDC designed by the multi-point method.
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